Abstract. The purpose of this study is to use high-resolution magnetic resonance (MR) imaging at 3 Tesla (3T) to quantify trabecular bone structure in vitro using femoral head specimens, and to correlate the calculated structure measures with those that were determined using microcomputed tomography (lCT), the standard of reference. Fifteen cylindrical cores were obtained from fresh femoral heads after total hip arthroplasty. MR images were obtained at 3T using a transmit-receive wrist coil. High-resolution coronal images were acquired using a modified three-dimensional (3D) fastgradient echo sequence. From these data sets twodimensional (2D) structural parameters analogous to bone histomorphometry were derived by using both mean intercept length (MIL) methods based on the plate model and the more recent model-assumption free 3D distance-transformation (DT) methods. The parameters measured by the 2D plate model-based MIL method and the DT method included apparent (App). BV/TV (bone volume/total volume), App. Tb.Th (trabecular thickness), App. Tb.Sp (trabecular separation), and App. Tb.N (trabecular number). Identical regions of interest were analyzed in the MR images and the lCT data sets, and similar structure measures were derived. The means and standard deviations of the parameters over all slices were calculated and MR-derived measures were correlated with those derived from the lCT data sets using linear regression analyses. Structure measures were overestimated with MRI, for example, the mean App. BV/TV was 0.45 for MRI and 0.20 for lCT, and the slope of the graph was 1.45. App. Tb.Th was overestimated by a factor of 1.9, whereas App. Tb.Sp was underestimated; Tb.N showed the smallest effect. Correlations between the individual parameters were excellent (App. BV/TV, r 2 = 0.82; App. Tb.Sp, r 2 = 0.84; App. Tb.N, r 2 = 0.81), except for App.Tb.Th (r 2 = 0.67). The results of this study show that trabecular bone structure measures may be obtained using 3T MR imaging. These measures, although higher than the standard of reference, show a highly significant correlation with true structure measures obtained by lCT.
Osteoporosis is a metabolic bone disorder defined as a disease associated with a reduction in bone mass and a deterioration of bone structure, both resulting in an increased bone fragility and susceptibility to fracture [1] . A more recent National Institutes of Health (NH) consensus statement [2] characterized osteoporosis as a disorder with compromised bone strength resulting in an increased risk of fracture. In this statement, in addition to bone mass, bone quality was introduced referring to architecture, turnover, damage accumulation (e.g., microfractures), and mineralization.
For the clinical assessment of osteoporosis, X-raybased methods such as dual X-ray absorptiometry (DXA) still remain the modality of choice for assessing bone mineral density. However, there is considerable overlap in the measured bone density values between fracture and nonfracture subjects. In the context of osteoporotic therapies, the reduction in fracture risk produced by some agents has not been entirely explained by increases in bone mineral density; for relatively small increases in bone density, much larger reductions in fracture risk have been demonstrated [3] [4] [5] [6] [7] . It is in this context, that there is a concerted effort to understand the role of bone quality, and as one of its components, the role of trabecular bone microarchitecture in defining bone strength. Initial studies have indicated that trabecular microarchitecture may be a particularly important determinant of bone strength [8] [9] [10] , and increased attention is being directed to the in vivo assessment of trabecular bone microarchitecture.
Depiction of trabecular microarchitecture has progressed from destructive and sampling error-prone histomorphometry [11] to noninvasive, nondestructive imaging. Microcomputed tomography (lCT) has been demonstrated to be an excellent approach to the characterization of trabecular structure in vitro and in vivo [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Magnetic resonance imaging (MRI) has also seen success in both in vitro and in vivo depiction and quantification of trabecular structure [24] [25] [26] [27] [28] [29] . With the goal of human, in vivo applications, the advantages of multi-planar capability, absence of ionizing radiation, continuously improving spatial resolution, and excellent contrast between bone and marrow makes MRI one of the most promising imaging techniques available for the characterization of trabecular bone microarchitecture.
The need to translate MR images into meaningful data for the quantification of trabecular structure has led to the development of a number of different approaches to image analysis and image processing. An example of the many measures derived from these approaches is a set of structural parameters analogous to standard histomorphometry [11, 30, 31] , including bone volume fraction, trabecular thickness, trabecular spacing, and trabecular number. These structural indices have been evaluated and used in multiple calibration and validation studies, where they have been compared to information derived from other relevant modalities such as lCT, contact radiography of macrosections, and DXA [29, [32] [33] [34] [35] [36] [37] . A recent example of an approach used for image analysis is the application of distance transformation (DT) technique to MR images to derive structural parameters without assumption of any structural model [38] . Laib et al. reported good correlations between the new indices and those derived from the higher resolution lCT images [39] . Later application of the distance transformation (DT) method to MR images of the distal radius in postmenopausal women showed that measures obtained with this technique were comparable to spine or radius bone mineral density (BMD) measures in discrimination of fracture from nonfracture patients [40] .
MR images in vivo are limited by the achievable signal-to-noise-ratio and thus the image quality. The tradeoff between total imaging time, image resolution, and image quality has limited the in vivo resolution to 100 to 150 lm in-plane and between 300 and 1,000 lm in slice thickness. The size of individual trabeculae (80 to 150 lm) is on the same order as the resolution achieved with current scanning systems and as a result, partial volume blurring occurs. Because of this limited resolution, MR images reflect thicker trabeculae, and often thinner trabeculae are lost, or have partial-volume-induced thickening [41, 42] . Other limitations arise with the use of gradient echo pulse sequences, most often used in imaging of trabecular bone. Artifacts resulting from differences in magnetic susceptibility of bone and marrow become apparent with this sequence, potentially affecting accuracy during analysis [41] .
NR and thus image quality improves as a function of the field strength; therefore, it is expected that at higher field strength, such as at 3 Tesla (3T), the image quality for a fixed total scan time and resolution will improve. Alternatively, it may be possible to either obtain images with improved spatial resolution or to decrease the scan time needed to acquire quality images. In the context of trabecular bone imaging in vivo, both of these benefits promise to improve our existing capability to quantify structure. However, along with this improvement, other issues such as increased susceptibility effects at higher fields may play an important role in the quantitative assessment of trabecular structure. The goal of this study is to obtain quantitative measures of trabecular bone structure from MR images at 3T, and compare these measures to those obtained using lCT, as a standard of reference, and establish the calibration factors for high-field 3T assessment of trabecular bone structure.
Patients and Methods

Specimen Preparation
Fifteen cylindrical cores were obtained from the femoral heads of two patients who had undergone total hip arthroplasty for degenerative osteoarthritis of the hip. The patients who donated these specimens were 67-and 76-year-old men without other documented bone disease. The studies were performed in accordance with the rules and regulations of the institutional committee on research at the University of California, San Francisco.
The tissues were fixed in a formalin solution for storage before and after preparation. The cores were obtained with a 7.75-mm inner diameter diamond-tipped coring drill bit mounted on a drill press. The resulting cores ranged from 6 mm to 30 mm in length. A diameter of 7.75 mm allowed the cores to be mounted in the lCT machine and imaged at the desired resolution. In addition, this diameter allowed for adequate preparation for MR imaging.
In preparation for scanning, each core was defatted, degassed, and mounted in a customized container. Defatting of the cores involved placing the cores in scintillation vials where they were immersed in a 10% solution of an enzyme-active powdered detergent. The vials were placed in an ultrasonic cleaner and sonically agitated for 90-minutes. Vials were filled with new detergent solution, and additional cycles in the ultrasonic cleaner were performed until adequate removal of tissue had been achieved.
The cores were mounted in an array on three, thin acrylic plates using cyanoacrylate applied to the outer aspect of the cortical shell. The outer surface of the cortical shell was placed down on the plate so that the axis of each core was perpendicular to the surface of the plate. Each of the plates was then fixed into the bottom of a watertight plastic cube sized to fit into the wrist coil to be used for imaging. The cores were then immersed in 0.5 volume-% gadopentetate doped water to simulate the contrast found between yellow marrow and trabecular bone.
The cores were degassed prior to imaging to reduce artifacts arising from differences in susceptibility among air, solvent, and bone. The containers were placed in series with a vacuum pump, and eight cycles of 1 hour each were performed with intermittent manual agitation of the boxes to eliminate as much air as possible. The orientation of the cores with the cortical shell down minimized trapping of air as it moved toward the surface.
Magnetic Resonance (MR) Imaging
MR images were obtained at 3T with a GE Signa imaging system (GE Medical Systems, Milwaukee, WI, USA) equipped with 4 Gauss/cm gradients, and a transmit-receive wrist coil (USA Instruments, Aurora, OH, USA). High-resolution images were obtained using three-dimensional (3D) fast gradient echo sequence (FGRE) with a 6-cm field of view (FOV) and a matrix thickness of 512 · 512 pixels resulting in an in plane spatial resolution of 117 · 117 m 2 . A slice 300 lm was chosen. A partial-echo acquisition was used with a repetition time (TR) of 30.0 ms, an echo time (TE) of 5.0 ms, a flip angle of 20°, and a bandwidth of 15.6 kHz and two excitations. To complete the data acquisition in one imaging session and complete coverage of two box holders, the acquisition time for each scan was 27 minutes.
MR Image Analysis
All analyses were performed on SUN/SPARC workstations (Sun Microsystems, Mountain View, CA, USA) with in-house software written in interactive display language (Research Systems, Inc., Boulder, CO, USA). Segmentation of the images into a bone and marrow phase required definition of regions of interest (ROIs), determination of an appropriate threshold, and binarization of the signal into bone and marrow phases. In defining the ROI for each core, a circular boundary was placed over the cross-section on the coronal image. The distance between the interior aspect of the cortical shell and the beginning of the ROI was recorded to aid in accurate matching when ROIs were chosen for lCT. The ROI was extended over 10 consecutive slices to create a cylinder with a length of 3 mm (slice thickness, 0.3 mm). The range of slices was also selected such that susceptibility artifacts resulting from trapped air, if present, were avoided. The threshold was set using a dualreference technique as described previously by Majumdar et al. [43] This required the definition of a marrow and cortical bone phase by placing two ROIs on corresponding areas of the MR image. By using the signal intensity values within the region selected for analysis--the marrow and cortical bone signal intensities selected by the dual reference-the algorithm computes a threshold for image segmentation into bone and marrow phases.
Analysis of the trabecular bone in the binarized image involved determining 2D structural parameters analogous to bone histomorphometry using both mean intercept length (MIL) methods based on the plate model [44] and the more recent model-assumption free 3D distance transformation (DT) methods [38, 39] . The parameters measured by the 2D plate model-based MIL method and the DT method include apparent (App.) BV/TV (bone volume/total volume), App. Tb.Th (trabecular thickness), App. Tb.Sp (trabecular separation), and App. Tb.N (trabecular number). These measures are analogous to those obtained in standard histomorphometry as described by Parfitt et al. [31, 45] ; however, they are labeled ''apparent'' measures because of the much lower resolution of the images from which these values are derived.
Determination of apparent structural measures by the MIL method involves the extension of a set of parallel rays across the binarized image at a series of angles (h). Determination of App. Tb.Th begins with counting the number of black (bone) and white (marrow) pixel interfaces that are encountered by a set of parallel rays at a given angle h. This value is used to determine the MIL by taking the ratio of the total area of the black pixels in the ROI versus half the number of edges counted. The overall mean width of the black pixels (App. Tb.Th) is obtained by taking the average MIL for all angles. App. BV/TV is calculated by the total number of black pixels representing bone over the total number of pixels in the ROI. App. Tb.N represents the area fraction of bone pixels/App. Tb.Th. App. Tb.Sp is equal to (1/App. Tb.N))App. Tb.Th.
Determination of App. Tb.Th and App. Tb.Sp by using the DT method is accomplished by filling either the bone and marrow phases of the binarized image with maximal spheres. The mean diameter of all of the spheres used to fill the bone phase corresponds to the App. Tb.Th. App. Tb.Sp corresponds to the mean diameter of spheres filling the marrow phase. App. Tb.N is taken as the inverse of the mean distances between the structural elements of a skeletonized version of the image.
Microcomputed Tomography Imaging and Analysis
The 7.75-mm diameter cylindrical cores were fitted into cylindrical plastic vials with a slightly higher inner diameter after being wrapped in foam to prevent movement. The offsets recorded from the MR image (for each specimen the distance between the interior aspect of the cortical shell and the beginning of the ROI) were used to prescribe the identical region of interest on the scout view generated by a commercial lCT system (lCT 20, Scanco Medical AG, Bassersdorf, Switzerland). This scanner was used to obtain high-resolution images of each specimen with a voxel size of 22 lm in each dimension.
Analysis of lCT images involved the application of a low pass Gaussian filter (width = 0.5, support = 1 or a kernel size of 3) to remove noise and binarization by using a single manually selected global threshold (in between the two peaks in the histogram, Fig. 3c ), which was constant for the entire study. Structural parameters (BV/TV, Tb.Th, Tb.Sp, and Tb.N) were derived using the DT method described previously. In addition, the structure model index (SMI), a parameter describing the general shape of the structure, was calculated [46] . The theoretical SMI value for a perfect cylinder (rod) is 3, while a perfect plate is 0. MIL-based measures on trabecular bone structure were also derived.
Bone Mineral Density Measurements
Bone mineral density is often considered a necessity in bone studies, as it is a methodology that can be extended easily to the clinical realm. To document these measures of bone mineral density (BMD) and their correspondence to our high resolution studies, BMD was measured using a DXA (Lunar Piximus, GE/Lunar, Madison, USA). Analysis was performed using the software provided by the manufacturer.
Statistical Analysis
The means and standard deviations of the parameters over all slices were calculated. The correlation between the MR-derived measures and those derived from lCT were compared using linear regression. All statistical computations were processed using JMP software (SAS Institute Inc., Cary, NC, USA).
Results
Figs. 1-3 show representative images obtained from a subset of the samples. As seen from the figures, a wide range of trabecular structures are seen in the specimens, and from the cross-sectional images as well as the 3D reconstructions, it can be noted that 3T MR images clearly depict trabecular bone structure. Compared to the lCT image, the MR image obtained with a lower spatial resolution shows similar architecture but also demonstrates the impact of partial volume, with mild blurring of the trabecular bone and trabeculae that appear larger in diameter. Table 1 presents the mean values and standard deviations of the structural parameters obtained for both lCT and MRI using a model-independent estimate of bone architecture (DT) and the plate model method (MIL). All the trabecular structure measures obtained with lCT showed significant (P < 0.0001) differences from the MR-derived ones. The average SMI calculated from the lCT images for the specimens is 1, indicating in general more plate-like characteristics in these specimens. As seen from the table, the ratio of the MR-derived measures to the lCT measures is 2.44 for App. BV/ TV, 1.98 for App. Tb.Th, 0.62 for App. Tb.Sp, and closest to 1 (1.23) for App. Tb.N using the DT method. The ratios for the MIL-derived measures show a similar trend. Figure 4 depicts the plot of these parameters, and from the slope of the graph it can be seen that the slope of App. BV/TV determined from MR images versus lCT images is 1.43 times. The slope of the App. Tb.Th from the linear regression was 0.89, with a positive intercept. The intercept depicts the limit of the MR image resolu- tion, and emphasizes that thinner trabeculae may be undetected. Similarly, the slope of the App. Tb.Sp graph was 0.66 and the slope of the App. Tb.N graph was 0.84. The slope of the graphs for MIL-based methods showed similar trends; however, the slope of the App. Tb.N and App. Tb.Th graph was closest to 1. The correlations of the individual parameters between the modalities, seen in Table 1 , were highly significant with correlations of up to r 2 = 0.84 for App. Tb.Sp. The lowest correlation was found for App. Tb.Th r 2 = 0.67), which is not unexpected given the spatial resolution with MRI. The results of analysis of images obtained assuming a plate model show that the correlations of the individual parameters between the modalities lCT and MR, however, were not as good as those found with the model-independent measures parameters. Table 2 shows the correlation between BV/TV and the other structure measures. As seen in column 2-4 for lCT the correlations between BV/TV and Tb.N, Tb.Th, and Tb.Sp are lower for the DT method compared to the plate model-based MIL methods, indicating perhaps that the DT measures contain information independent from BV/TV. The differences between the MIL and DT correlation for the measures derived from MR images is not as marked.
Structure parameters were also correlated with BMD and significant correlations were found ( Table 3) . As expected the highest correlations with BMD were found for App. BV/TV, since this parameter is most similar to bone mass. The correlations for lCT were a little higher than those obtained for MRI. The correlations for the other structural measures were substantially lower; the correlations were similar for both lCT and MRI.
Discussion
The role of MRI in the quantification of trabecular bone micro architecture has been demonstrated over the last decade, and numerous calibration and validation studies have been undertaken in which MR-derived measures of structure are compared with measures derived from other modalities, such as histology, lCT, BMD, and with biomechanical parameters. In MR-derived visualization and quantitation of structure, one of the main issues arises from the fact that the spatial resolution of in vivo MR images is often comparable to the thickness of the trabecular bone itself. This gives rise to partial-volume effects in the image and the image may not depict very thin trabeculae or may represent an average or a projection of a few trabeculae. With the recognition that MR-derived measures are not identical to histologic dimensions, a major focus in the field has been using established measures to investigate the resolutiondependence of MR-based measures and then calibrating MR-derived measures of bone structure. Hipp et al. [47] have compared the morphologic analysis of specimens of bovine trabecular bone by using both 3D MR reconstruction (92 · 92 · 92 lm 3 ) and 2D optical images (23 · 23 lm ) of the six faces of the samples. With the recognition of the partial-volume effects in MRI and the fact that MR-derived trabecular bone structure may not be identical to high-resolution lCT or histologic images, the notion of ''apparent'' trabecular bone network was introduced [32] . Although the ''apparent'' network is not identical to the ''true'' histologic structure, the apparent measures highly correlated highly with ''true'' measures [32, 48] . The effect of slice thickness on stan- dard morphologic measurements has been investigated by Kothari et al. [48] . Vieth et al. [49] compared standard morphologic measurements of 30 calcaneus specimens using MR imaging (195 · 195 lm 2 in plane resolution and 300/900 lm slice thickness) and contact radiographs (digitized with 50 · 50 lm in-plane spatial resolution) of sections obtained from the same specimens. The results of this study show that MR-based measurements were correlated significantly with those obtained from digitized contact radiographs. However, partial-volume effects resulting from slice thickness as well as image post-processing (thresholding) had substantial impact on these correlations-the thicker the slice, the poorer the correlation.
We obtained, at 3T, high-resolution MR images of trabecular bone in human bone cores from the femur and calculated quantitative measures of architectural parameters. Model-independent evaluation techniques for MR images were compared to more traditional evaluation techniques. lCT scans of the same cubes with a much higher resolution of 22 lm were taken as the gold standard, and differences in the structural measures obtained from MRI and higher resolution lCT were established. The MRI scans were performed at resolutions that are reasonable for use in vivo with in-plane resolution of 117 lm and a 300-lm axial resolution. Care was taken to reproduce in vivo conditions, but because of longer T2 times of gadopentetate-doped saline and the absence of motion artifacts, a mildly better image quality may have been achieved.
The accuracy of a new model-independent morphologic measure, based on the DT technique has been investigated by Laib et al. [39] and compared to highresolution lCT images (34 · 34 · 34 lm 3 ), and good correlation was found between the two sets of measurements, with the best R 2 = 0.91 for Tb.N. By using a standardized thresholding criterion for all images Majumdar et al. [32] found an overestimation of trabecular bone area fraction (approximately 3 times), trabecular width (approximately 3 times), and an underestimation of trabecular spacing (approximately 1.6 times) in 1.5T MR images using 18-lm synchrotronbased lCT images as a gold standard. Since then, advances in MR imaging and reduced echo times have led to a reduction in this difference, and Laib et al. [39] found in radius specimens at 1.5T MR an overestimation of App. BV/TV and Tb.Th by a factor of 2, an underestimation of App. Tb.Sp by a factor of 0.86, and no substantial over-or underestimation of App. Tb.N. In this report, our results at 3T as shown in Table 1 are comparable in magnitude to those of Laib et al. [39] at 1.5T, with similarly high correlations between MR-and lCT-based measures. The results of our current study demonstrated that the model-independent indices such as Tb.N from the lCT and MR images show lower correlation with BV/TV, and potentially contain more BV/TV-independent information as shown by Laib et al. [39] . However, at the resolution of the MR images, the differences between the model-independent and MILbased methods are reduced considerably.
In this preliminary study, our aim was to show the feasibility of depicting trabecular bone structure at 3T and to correlate bone structure measures obtained at 3T with lCT structure measures by using this as a standard of reference. Although MR imaging at 3T has a higher SNR and thus allows higher spatial resolutions, we also have to consider more pronounced artifacts, such as an increase in susceptibility artifacts. This may in addition to partial-volume effects have increased App. BV/TV and Tb.Th. Nevertheless, correlations with lCT-derived measures were highly significant. In this study we used a gradient echo sequence, which as shown previously shown (32) , increases trabecular dimensions. To reduce this effect, spin echo sequences have been applied [26, 27] ; however, these, have a lower SNR, and, thus, longer acquisition times are required to achieve comparable image quality. With the inherent higher SNR of imaging at 3T, however, these sequences may become more attractive. In addition to using different imaging sequences, the spatial resolution may also be increased given sufficient SNR. The feasibility of imaging trabecular bone at 3T has been demonstrated in this study but future work will have to focus on optimizing imaging sequences and spatial resolution.
Another issue would be the extension of MR imaging to other more central parts of the skeleton. Although MR imaging has shown good results both in vivo and in vitro in imaging calcaneus and distal radius MR imaging of the proximal femur in vitro at 1.5T has shown substantial limitations [50] . In this study, acquisition times to obtain sufficient SNR at 1.5T were not feasible in vivo and correlations between bone strength and structure measures were lower than those found between bone strength and BMD.
Limitations of this study have to be considered: We examined only a small sample of bone cores but since this was a feasibility study, larger studies are required to optimize imaging parameters and sequences. We also did Table 1 . Mean value for all specimens of the structural indices derived using the model-independent distance transformation (DT) analysis of MR images, lCT images, and their ratios compared to similar parameters quantified using the mean intercept length (MIL) method The ratios of the MR-derived measures to the lCT measures were taken for each specimen and the average mean and standard deviation are presented. Linear regression between the MR-derived and lCT measures (plots shown in Fig. 4 ) was used to determine the correlation between the structural measures made using the two modalities. The coefficient of determination for the lines shown in Fig. 4 are presented. In addition, structure model index (SMI) and degree of anisotropy (DA) of the specimens were computed from the lCT images, and presented here to characterize the trabecular structure under study.
not compare MR imaging at 1.5T and 3T directly, but extensive studies were performed at 1.5T in bone specimens and these data are available for comparison [39] .
In conclusion this study shows that at 3T, the noninvasive determination of trabecular bone structure makes MR a promising tool in the quantitative assessment and monitoring of skeletal status. With the higher signal-to- Table 2 . Correlations (r) between the structure parameters obtained using the microcomputed tomography (lCT) and magnetic resonance (MR) images. The first column shows the correlation coefficient r between the mean intercept length (MIL)-derived measures, whereas column 2-4 represent the correlations between the measures made using the modelindependent distance transformation (DT) method noise-ratio, and improved image quality that is possible at higher fields, MR at 3T may play a significant role analyzing trabecular bone structure in vivo to understand metabolic bone disease and the response to therapy.
